Although the class I MHC receptors expressed by human and mouse natural killer (NK) cells have distinct molecular origins, they are functional analogues that are expressed in a variegated pattern. The murine Ly49 class I receptors contain bidirectional promoters that have been proposed to control the probabilistic expression of these genes. Whether similar elements are present in the human killer Ig-like receptor (KIR) genes is a fundamental question. A detailed analysis of the 2 kb intergenic region separating the KIR2DL4 gene and the adjacent KIR3DL1 gene revealed that additional promoter elements exist in the human KIR genes. Remarkably, the previously characterized KIR3DL1 proximal promoter possesses bidirectional promoter activity that maps to an 88 bp DNA fragment containing CREB, AML, Sp1 and Ets transcription factor binding sites. Individual KIR genes and alleles possess bidirectional promoters with distinct properties. Analysis of KIR þ and KIR À NK cells and NK precursors indicates that reverse transcripts from the bidirectional promoter are found in cells that lack KIR protein expression, but are not present in mature KIR-expressing NK cells, suggesting that reverse transcription from the proximal promoter blocks gene activation in immature NK and precursor cells.
Introduction
Natural killer (NK) cells are cytotoxic large granular lymphocytes that play a central role in the immune response to virally infected cells. 1 In contrast to cytotoxic T lymphocytes that require class I MHC for target recognition, NK cells kill target cells that have altered or absent class I, owing to NK cell expression of inhibitory receptors for normal host class I as well as activating receptors that recognize abnormal class I or mimics of class I generated by viruses. 2, 3 The class I MHC receptors expressed by human and murine NK cells belong to distinct protein families; the human killer Ig-like receptor (KIR) proteins are members of the immunoglobulin superfamily, 4 and the murine Ly49 proteins are related to the C-type lectins. 5 Consistent with the analogous functional role of these receptor families, they share similar signal transduction pathways, and the gene clusters encoding the receptors possess extreme allelic variation as well as differences in gene content between individuals. 6 The convergent functional evolution of the KIR and Ly49 proteins is also reflected in the selective, stochastic expression of individual receptors by both human and mouse NK cell subsets. [7] [8] [9] Given the central role of NK cells in the innate immune response to virus infection, it is important for NK cells to sense alterations in host MHC, as viruses generally develop mechanisms that suppress the presentation of viral peptides by MHC. 10 The KIR and Ly49 proteins are also expressed in a variegated fashion on a small subset of T cells, mostly of the CD8 þ effector/ memory type; 11, 12 however, the functional importance of T cell expression of these receptors is less clear.
A promoter competition model has been proposed to account for the probabilistic activation of Ly49 gene expression. 13 Each of the inhibitory Ly49 genes contains a pair of overlapping, opposing promoters upstream of the promoter used for the stable expression of the Ly49 protein in mature NK cells. The overlapping promoters act as a probabilistic switch, that is active only in the immature NK cell. Presumably, the choice of forward transcription from this switch during NK cell development leads to gene activation, as the strength of the forward promoter relative to the reverse promoter correlates with the percentage of NK cells that express a given gene. The essential role of the switch element for Ly49 gene activation is further supported by the observation that Ly49a transgene expression is lost if the switch element is deleted. 14 In addition, nontran-scribed Ly49 genes lack the switch region, but are otherwise intact. 15, 16 To date, only a single promoter region immediately 5' of the translation initiation site has been identified in the human KIR genes. The promoter regions of the variegated KIR3DL1 and ubiquitously expressed KIR2DL4 genes have been extensively characterized. 17 The control regions of these two genes were found to possess differences in tissue specificity and transcription factor binding sites, consistent with the distinct expression patterns of these genes. A comparison of the KIR3DL1 promoter with other variegated KIR genes has revealed functionally relevant differences in a 5 0 YY1 transcription factor binding site and a 3 0 Sp1 site. 18 The KIR2DL5.2 allele represents a nonexpressed variant of the KIR2DL5 gene, and the lack of expression has been correlated with the loss of an AML-binding site in the 2DL5.2 promoter region. 19 However, mutation of the AML site has been associated with increased promoter activity in the KIR2DL4, KIR3DL3 and KIR2DL3 promoters when analyzed in primary NK cells and the NK3.3 cell line. 20 Analysis of the KIR2DL2 promoter in T cells and the NKL cell line has revealed the importance of a 3 0 Ets-binding site for T-cell expression, and supports a role for the central AML site in NK cell expression. 21 Differences in the promoter strength of different KIR promoters would be expected to affect the level of KIR protein expression in individual NK cells; however, the possible contribution of these differences to stochastic gene activation and monoallelic expression is less clear. The paradigm of promoter competition provides a logical explanation for probabilistic gene activation, therefore, the region from the termination codon of the KIR2DL4 gene to the initiation codon of the KIR3DL1 gene was analyzed for the presence of additional promoters transcribing in either the sense or antisense orientation. In a separate study, we have identified forward intergenic transcripts originating from repetitive elements present in the intergenic region. 22 The data presented here reveal the presence of antisense transcripts and the bidirectional nature of the proximal KIR promoter, indicating that probabilistic promoter switches may also control the stochastic expression of KIR genes.
Results

Detection of KIR antisense transcripts
To detect the possible presence of a bidirectional promoter in the KIR intergenic region, reverse transcription polymerase chain reaction (RT-PCR) was carried out with intergenic primers on RNA from freshly isolated peripheral blood NK cells. Forward spliced transcripts originating from a distal promoter located within the intergenic region were detected, and the promoter activity associated with these elements has been characterized. 22 In contrast to the mouse Ly49 distal Pro1 element, the KIR distal promoter is only capable of producing forward sense transcripts. Putative antisense transcripts were detected in cDNA generated by reverse transcription with sense primers in the intergenic region; however, as these transcripts could potentially originate from mis-priming of forward intergenic transcripts, 3'-RACE was carried out to allow polymerase chain reaction (PCR)-mediated cloning of polyadenylated reverse transcripts. At least three canonical polyadenylation (pA) signals (AATAAA) are located on the reverse strand in the intergenic regions of the KIR genes, indicating that polyadenylated antisense transcripts could be present. As shown in Figure 1 , polyadenylated reverse transcripts from several KIR genes were isolated, and the pA signal at À409 bp relative to the KIR3DL1 start codon was used by the majority of the KIR gene transcripts analyzed. This pA signal is not present in the KIR2DL2/S2 and KIR3DL2 genes, and the antisense transcripts from these genes were polyadenylated downstream of an (ATTAAA) element at À295 bp. The observed sites of pA addition were located at the expected distance (B15 bases) downstream of the pA signals. This provides convincing evidence that antisense transcripts from several KIR genes exist in vivo. Specific antisense primers from the KIR3DL3 and KIR2DL4 genes ( Figure 1 Identification of antisense intergenic KIR transcripts by 3'-RACE. Peripheral blood NK cell cDNA was synthesized with an oligo-dT primer containing an anchor sequence, and subjected to PCR with the anchor primer and the reverse primer at position À227 relative to the KIR3DL1 start codon. The sequence of the antisense KIR3DL1 transcript is shown, and only differences are shown for the remaining KIR genes. The nucleotide position relative to the KIR3DL1 start codon is indicated at the beginning of each line. The pA signals (ATTAAA or AATAAA) are boxed, and the locations of the pA sequences observed are indicated by boxes.
characterized KIR promoter region. 17 Antisense transcripts were efficiently amplified with a primer at position À175; however, no transcripts could be detected with antisense primers at À149 or À121, indicating that reverse transcripts originate in the region between À149 and À175 upstream of the KIR initiation codon. These results indicated that the previously characterized KIR promoter region might contain an additional promoter capable of generating antisense transcripts.
Mapping of forward-and reverse-promoter activities within the KIR2DL4-KIR3DL1 intergenic region Previous studies of the KIR3DL1 promoter region examined the promoter activity of intergenic fragments with a fixed 3 0 end close to the translation initiation site of the KIR3DL1 protein. 17 In the current study, an extensive series of DNA fragments with different 3 0 ends was analyzed, and each fragment was assayed for promoter activity in both orientations to investigate the predicted existence of antisense promoter elements in the KIR2DL4-KIR3DL1 intergenic region. A distal promoter element was identified in the region from À820 to À1350 nucleotides upstream from the KIR3DL1 start codon, however only forward transcriptional activity ( Figure 2a ) was detected from this promoter region. The distal promoter element is associated with L1 and Alu repetitive elements, and it produces a low level of spliced forward transcripts in NK cells. 22 Remarkably, a DNA fragment containing the proximal promoter (À276 to À1) possessed transcriptional activity in the reverse orientation, consistent with the identification of antisense transcripts initiating in the proximal promoter region.
Comparison of the relative activity of the reporter constructs in the human YT-Indy NK cell line to the activity observed in the human embryonic kidney cell line HEK293 and the murine immature NK cell line LNK assessed the tissue specificity of the promoter fragments. As previously demonstrated, 17 the proximal promoter was active in NK cells but not HEK293 cells, and this specificity was maintained for transcriptional activity in the antisense orientation.
To investigate further the bidirectional activity of the proximal promoter, an additional series of promoter fragments was generated, and luciferase activity was analyzed in the YT-Indy cell line ( Figure 2b ). Consistent with the closely overlapping nature of the opposing promoters, it was not possible to isolate a fragment that exhibited a significant level of only forward-or reversepromoter activity. The promoter could be reduced to a 144 bp fragment (À195 to À51), which exhibited forward and reverse activities similar to the larger 276 bp fragment. This core region contains overlapping STAT/ Ets/YY1 transcription factor binding sites, as well as nonoverlapping CREB, AML-1, Ets and Sp1-binding sites. 17, 18 Bidirectional transcriptional activity was mapped to the 3 0 half of the 144 bp fragment, as the upstream half containing the STAT/Ets/YY1 site (À195 to À121) did not exhibit any significant promoter activity. Deletion of the 3 0 Ets site (À195 to À72, À195 to À91) resulted in a significant decrease in both forward-and reverse-promoter activities. Removal of the 5' STAT/Ets/ YY1 site produced a promoter fragment with comparable reverse activity (À172 to À1), in contrast to the dominant forward activity of the full region. The removal of the STAT/Ets/YY1 had only a modest effect on forward promoter activity, suggesting that the principal role of the STAT/Ets/YY1 site is to inhibit antisense transcription. Consistent with the observed increase in activity of constructs lacking this region, YY1 binding to the KIR3DL1 promoter has been associated with reduced promoter activity. 18 A core bidirectional promoter of 88 bp containing the CREB, E2F, AML-1 and Ets sites (À124 to À36) exhibited approximately half of the transcriptional activity of the À172 to À1 fragment; however, the bias toward reverse transcription was maintained.
Distinct bidirectional promoter activity of individual KIR genes The core 88 bp bidirectional promoter element (À124 to À36; Figure 2b ) identified in the KIR3DL1 proximal promoter possesses 100% nucleotide identity with the 
The primers are identified with numbers that indicate the distance of the 5 0 end of the primer from the start codon of the KIR3DL1 gene.
KIR2DL1, KIR2DS1, KIR2DL2, KIR2DS2, KIR3DS1 and KIR3DL2 proximal promoters. 18 In addition, cDNAs corresponding to reverse transcripts originating from the KIR2DL5, KIR2DS3, KIR2DL4 and KIR2DS4 genes were cloned from peripheral blood NK cells (Figure 1 ). This indicates that most KIR genes have a proximal promoter with the potential to generate reverse transcripts.
If the frequency of KIR gene activation is related to the probability of sense or antisense transcription from the 
(1) Reverse Activity Forward Activity proximal promoter, there should be differences in the relative forward and reverse activities of individual KIR proximal promoters to explain the observed differences in the percentage of NK cells that express different KIR genes. 8, 23 Differences in forward-or reverse-proximal promoter activity of KIR genes with homologous core elements could be conferred by sequence differences flanking the core. For example, although the core of the KIR3DL1 and KIR2DL1 proximal promoters is identical, the KIR2DL1 promoter lacks the YY1 transcription factor binding site present in the KIR3DL1 gene and the 3 0 Sp1 site is disrupted. 18 To examine the effect of sequence differences between various KIR promoters, DNA fragments spanning the À227 to À1 region of the KIR2DL1, KIR2DL2/L3, KIR2DL5, KIR3DL1, KIR3DP1 and KIR3DL3 genes were cloned into the pGL3 vector and the relative forward and reverse activities in the YT-Indy cell line were compared. A fragment ending at position À227 was chosen because it represents the largest promoter fragment lacking ATG start codons on the reverse strand, as additional ATG sequences can compete with the luciferase ATG codon and result in reduced detection of reverse KIR promoter activity (SK Anderson, unpublished observations). As shown in Figure 3a , the relative forward-and reverse-promoter activities of the individual KIR genes are distinct. The sense and antisense transcriptional activities of the KIR2DL1 promoter are much higher than the KIR3DL1 promoter, indicating that disruption of the YY1 site increased the relative strength of the antisense promoter and disruption of the 3 0 Sp1 site increased forward transcriptional activity. In fact, most of the KIR promoters that lack the YY1 site possess a very strong reverse promoter activity, with the exception of the KIR3DP1 promoter. KIR3DP1 contains a mutation in the AML transcription factor binding site, which is also present in the nonexpressed KIR2DL5.2 allele. 19 To further examine the role of the YY1 site, the KIR2DL2/L3 promoter activity was compared with a mutant lacking the YY1 site. The KIR2DL2/L3 promoter had activity that was similar to the KIR3DL1*002 allele, consistent with the conservation of all predicted transcription factor binding sites in these promoters. The KIR2DL2/L3 mutant lacking the YY1 site had increased reverse promoter activity, without a significant change in the forward promoter activity, supporting a role for the YY1 site in regulating reverse promoter activity. Interestingly, distinct promoter alleles have been described for the KIR3DL1 gene. 24 When compared with the KIR3DL1*001 allele, the promoter of the KIR3DL1*002 allele contains an A to G promoter polymorphism that generates a 3 0 Sp1 site found in many KIR genes with the exception of the KIR2DL1, KIR2DL4, KIR3DL3 and KIR3DS1 genes. 18 This single nucleotide change results in a KIR3DL1 allele with significantly reduced forward promoter activity and significantly increased reverse promoter activity (Figure 3b) . A major transcriptional start site of the KIR3DL1 gene has been mapped to the A residue that is absent in the KIR3DL1*002 allele. 25 This suggests that Sp1 binding inhibits initiation of sense transcripts, and the resulting decreased competition
CREB
E2F Sp1
TTCCCRKAA CCATNTW RCGTCANC TGYGGT Statistical significance of the observed differences in forward-and reverse-promoter activities of the KIR3DL1*001 (*001) and KIR3DL1*002 (*002) promoters. The fold-increase in promoter activity relative to pGL3 control is shown for five independent experiments, except for the KIR3DL1*001 forward construct that was repeated 11 times. The P value of the differences observed between the two alleles was calculated using a Mann-Whitney test.
Sp1
GCGCSAAA RCWTCCKGT GTGAGAGCAATTTCCAGGAAGCCATGTTCCGCTCTTGAGCGAGCACC(25)GAGCCTGCGTACGTCACCCTCCCATGATGTGGTCAACATGTAAACTGCATGGGCAGGGCGCCAAA
from the forward promoter results in an increase in the relative level of antisense transcription. The KIR3DL1*002 allele was poorly expressed relative to the KIR3DL1*001 allele, 24 suggesting that a decreased ratio of forward to reverse promoter activity decreases the probability of gene expression.
Reverse transcripts from the proximal promoter are only present in cells that lack KIR protein expression The KIR proximal promoter is predicted to function as a probabilistic switch and is therefore likely to play a role in determining the stochastic expression of the KIR genes. If the bidirectional promoter was capable of switching in mature KIR-expressing NK cells, KIR expression patterns in NK cell clones would be unstable owing to the switching activity of this element. However, as KIR expression is stable in NK cell clones, 8 the proximal promoter may not be active in terminally differentiated NK cells, or the ability to transcribe in the reverse direction is suppressed in mature NK cells. To determine the developmental timing of antisense transcription from the proximal promoter, RT-PCR was carried out on sorted KIR-expressing and KIR-negative peripheral blood NK cells and NK precursors ( Figure 4 ). As the sense transcripts from the proximal promoter do not have any sequence distinct from distal transcripts, an RNase protection assay was used to confirm that the majority of KIR transcripts in mature KIR-expressing NK cells originate from the proximal promoter. 22 Polyadenylated reverse transcripts from the proximal promoter were specifically detected using the primers and PCR strategy described in Figure 1 . Reverse transcripts from the proximal promoter were present in the cells that lacked KIR protein expression (CD56
, whereas no reverse transcript was detected in the KIR-expressing NK cells (56 Dim KIR þ ). Distal transcripts were detected in cells with surface KIR protein expression, however, they were also present in KIR-negative CD7 þ , CD56 À NK precursors. 26 These results support constitutive activity of the distal promoter, 22 and correlate reverse proximal promoter activity with NK cells that lack KIR protein expression. The loss of antisense transcripts is correlated with maturation rather than specific silencing of antisense transcription in expressed KIR genes, as the KIR-positive population is variegated and there are substantial numbers of cells that do not express a given KIR. The primers used for the detection of antisense are capable of amplifying the transcripts from most KIR genes, therefore antisense transcripts would be detected in the mature KIR-positive NK if they were present for KIR genes that are not expressed in a given NK cell.
Discussion
The current study has revealed the presence of a bidirectional promoter adjacent to the start codon of the KIR genes. As the murine Ly49 genes were found to contain an upstream bidirectional promoter, the same arrangement was predicted to exist in the human KIR genes. However, in the human system, it is the KIR proximal promoter that possesses bidirectional transcriptional activity, and the upstream distal promoter is unidirectional. The discovery that the KIR bidirectional promoter corresponds to the extensively characterized proximal promoter [17] [18] [19] [20] [21] was unexpected, as the KIR transcriptional start sites in mature NK cells have been mapped to this promoter region, 17, 19, 22, 24 and the probabilistic switch was predicted to function early in NK development as observed in murine NK cells.
It appears that although the Ly49 and KIR genes make use of bidirectional promoters, the mechanisms of gene silencing/activation could be very different, as concurrent activity of the distal sense and proximal antisense KIR promoters would lead to the production of doublestranded (ds)-RNA, whereas the murine Ly49 promoters are arranged in a fashion that make the production of ds-RNA very unlikely. It is noteworthy that the core Ly49 promoters were found to have a strong inhibitory region upstream, 27, 28 whereas no such region is present in the KIR promoters. 17 In the Ly49 genes, the model of gene activation proposes that sense transcripts from the upstream promoter interfere with the assembly of inhibitory complexes at the downstream promoter, preventing the generation of the default silenced state of the Ly49 genes. In the KIR genes, antisense transcription might be responsible for the silencing of the KIR locus through the production of ds-RNA. A recent report has demonstrated ds-RNA-mediated gene methylation in human cells. 29 In addition, several reports have provided convincing evidence that DNA methylation controls KIR expression. 24, 30, 31 Silent KIR alleles are methylated, whereas actively transcribed KIR alleles are hypo-methylated. 24, 31 Although it is clear that methylation is responsible for maintaining the stable pattern of KIR expression in adult NK cells, no molecular mechanism to explain the generation of selective gene expression has emerged. An alternative model for the role of antisense transcription would be the inhibition of forward transcription from the distal KIR promoter as a result of promoter competition. In this model, sense transcripts from the KIR distal promoter would be required for the opening of the KIR locus similar to the essential role demonstrated for the distal Ly49 Pro1 promoter in gene activation. 14 The production of ds-RNA or inhibition of distal transcription in the KIR intergenic region would occur if the forward distal promoter is active at the same time as the proximal reverse promoter. The RT-PCR results obtained with the CD56
À
CD7
þ CD34 À NK precursor cells indicate that distal forward and reverse transcripts can in fact be coexpressed. It is intriguing that the reverse promoter activity appears to be specifically silenced in KIR-expressing cells (Figure 4b ), as the proximal forward promoter overlaps with the reverse promoter and the silencing of reverse activity would be expected to silence forward activity as well. Perhaps there are differentiation-associated changes in transcription factor expression that silence the reverse promoter. It is interesting to note that the only antisense transcripts detected in CD56 bright NK cells were from KIR3DP1 and KIR2DL5.2, and both of these genes lack the central AML site (data not shown), suggesting that AML may play a role in the silencing of antisense transcription. The majority of KIR transcripts in KIR-expressing cells map to the forward proximal promoter, 17, 19, 22, 24 supporting a major role for this promoter in KIR protein expression, even though distal transcripts are present in mature NK cells (Figure 4b ). The lack of KIR protein expression in NK precursors containing distal KIR transcripts suggests that the low level of distal transcription or the long 5' untranslated region of distal transcripts prevents significant protein expression. This observation also indicates that detection of KIR message in a cell population does not necessarily indicate protein expression.
The bidirectional promoter discovered in the KIR genes is predicted to represent the primary genetic element that determines the percentage of NK cells that express a given KIR protein; however, the presence or absence of HLA class I KIR ligands should also affect the KIR repertoire generated. 23, 32 The probabilistic nature of the bidirectional element, together with the observed differences in the relative forward and reverse activities of individual KIR switches supports a model of KIR gene activation where the relative strength of the competing promoters determines the level of gene activation. If this model is correct, the relative strength of the reverse promoter should correlate with the percentage of NK cells that express a given KIR allele over a large series of KIR alleles. For example, it is of interest to compare the percentage of NK cells that express the KIR3DL1 protein in individuals with KIR3DL1 proximal promoter alleles possessing distinct reverse promoter activity such as those identified in this study. Examination of the percentage of NK cells expressing various KIR3DL1 alleles has revealed that the G to A polymorphism that disrupts the Sp1 site is associated with a significant increase in the frequency of KIR3DL1-expressing NK cells (SK Anderson, manuscript in preparation).
In view of the recently appreciated benefits of NK cell alloreactivity in mismatched hematopoietic transplantation, 33 a complete understanding of the role of the KIR bidirectional promoters in the initiation of KIR gene expression may have clinical benefit. Specific inhibition or activation of antisense KIR transcription could alter the extent to which KIR proteins are expressed by NK cells in transplants, potentially leading to novel approaches to therapy by changing the alloreactivity of transplanted NK cells.
Materials and methods
Cell lines HEK293 cells were cultured in DMEM media containing 10% fetal bovine serum (FBS), 100 U/ml each of penicillin and streptomycin (P/S), sodium pyruvate, and L-glutamine. YT-Indy cells were cultured in RPMI 1640 media containing 10% FBS and P/S. The LNK cell line was cultured in RPMI 1640 containing b-mercaptoethanol, nonessential amino acids, 10% FBS, 100 U/ml P/S, sodium pyruvate, L-glutamine, Hepes, and 1000 U/ml of recombinant human IL-2. Antibody-reactive cells were sorted as indicated using a FACSVantage SE fluorescence-activated cell sorter with the FACSDiva Option (Becton Dickenson, San Diego, CA, USA). NK precursor populations were sorted from fresh peripheral blood using specific antibodies directed against CD34 (FITC-conjugated, clone 8G12), CD7 (PEconjugated, clone M-T701), CD3 (PerCP conjugated, clone SK7) and CD56 (APC-conjugated, clone NCAM 16.2; BD Pharmingen).
Preparation of blood NK cells and NK cell precursors
Generation of luciferase reporter plasmids
Promoter fragments were generated by PCR using the primers listed in Table 1 and cloned into the TOPO-TA vector (Invitrogen, Carlsbad, CA, USA). Inserts were excised with either SacI/XhoI or XhoI/HindIII and cloned into pGL3 (Promega, Madison, WI, USA) to generate constructs in both forward and reverse orientations. All constructs were verified by sequencing with specific primers. Sequence analysis was carried out with the SeqWeb package at the NCI-Frederick supercomputing center.
Cell transfection and luciferase assays HEK293 cells were plated at 3 Â 10 5 cells per well in a sixwell plate and transfected with 1 mg of the individual reporter constructs plus 0.1 mg of the Renilla luciferase pRL-SV40 control DNA using Lipofectamine (Invitrogen) according to the manufacturer's protocol. YT-Indy and LNK cells were transfected by electroporation with a BTX ECM 830 (Gentronics, San Diego, CA, USA) set at 250 mV, with three pulses of 7 ms at an interval of 100 ms. A total of 5 Â 10 6 cells in 0.5 ml of serum-free RPMI medium were transfected with 10 mg of the specific reporter construct plus 0.1 mg of the Renilla luciferase pRL-SV40 vector. Luciferase activity was assayed at 48 h using the Dual-Luciferase Reporter Assay System (Promega) according to the manufacturer's instructions. The luciferase activity of the KIR3DL1 promoter constructs was normalized relative to the activity of the Renilla luciferase produced by the pRL-SV40 control vector and each construct was tested in at least three independent experiments.
RT-PCR of antisense KIR transcripts Total RNA was purified with the RNeasy kit (Qiagen, Valencia, CA, USA). The SuperScript First Strand cDNA Synthesis Kit (Invitrogen) was used to generate cDNA from 0.5 mg of total cellular RNA. The 3 0 ends of KIR reverse transcripts were identified by 3 0 -RACE using an oligo-dT primer containing a unique 5 0 anchor sequence. To enrich for KIR reverse transcripts before PCR of the oligo-dT-primed cDNA, 20 rounds of linear amplification (941 À20 s, 601 À20 s) was carried out with an antisense primer close to the predicted start site of the antisense transcripts (À175; Table 1 ). For PCR, 35 cycles of 941 À20 s, 601 À20 s, 731 À5 s were carried out on 2 ml of cDNA using Platinum PCR Supermix (Invitrogen). All PCR products were cloned into the pCR2.1-TOPO vector (Invitrogen) and sequenced to identify the KIR gene responsible for the product. Peripheral blood NK cell RNA was analyzed from four different donors.
